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APPROVED BY THE MEMBERS OF THE THESIS COMMITTEE: 
As part of the new navigation lock for Bonneville Dam a new water source for 
the Bonneville Fish Hatchery must be supplied. The hatchery is located on the 
Oregon side of the Columbia River downstream of the dam. It requires large 
quantities of water free from chemical and biological contamination. In addition, the 
water has to be in a narrow temperature range. Currently the fish hatchery receives 
its water from a well field that is located on the alluvial terrace downstream of 
2 
Bonneville Dam. The well field lies in the proposed approach channel for the new 
lock and has to be abandoned during construction of the lock. For the continued 
water supply of the hatchery, a new well field will be developed north of the approach 
channel. Early in the planning phase for the new lock, concerns were raised about 
the potential impact of the relocation of the well field and the excavation of the new 
approach channel on the hatchery. To assess these concerns and to assure a 
continuous water supply during and after construction, a hydrogeologic investigation 
was initiated. Within the framework of the investigation this study focuses on the 
analysis of pumping test data and the development of a three-dimensional ground 
water flow model for the site. 
In the first phase of the study, data from eight pumping tests were analyzed. 
Hydrogeologic properties of the sedimentary units that make up the downstream 
terrace were determined. The focus was the pre-slide alluvium (PSA) aquifer, the 
water source for the existing and the future well field. In addition, the nature and 
location of hydrogeologic boundaries for the ground water system were determined. 
The results, in conjunction with information from subsurface exploration and 
laboratory tests, were used to develop a conceptual understanding of the ground 
water system at the site. The PSA aquifer receives its recharge primarily from leakage 
through the overlying confining layers over a large area. A direct connection between 
the Columbia River and the PSA aquifer could not be detected. They appear to be 
separated by a continuous aquitard layer or by a layer of fine-grained sediments on 
the river bottom. 
Based on these findings, in the second phase of the study, the ground water 
modeling program HST3D (Kipp, 1987) was used to develop a three-dimensional 
3 
ground water model for the site. The model was calibrated with data from one of the 
pumping tests. The calibration was then verified with a second set of conditions 
including pumping from shallow and deep wells. Water levels in the deep PSA 
aquifer and the shallow unconfined aquifer were successfully matched. A satisfactory 
match of observed conditions was possible with only slight modifications of the 
hydrogeologic parameters determined by pumping test analysis and based on the 
conceptual model developed in the first phase of the study. It appears that a 
continuous aquitard layer separating the Columbia River and the PSA aquifer, with the 
aquifer receiving recharge through vertical leakage over a large area, is a valid 
representation of the aquifer system. 
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thickness of the aquifer [m] 
thickness of the aquitard [m] 
filter coefficient for the leaky integrator 
hydraulic head [m] 
initial hydraulic head [m] 
hydraulic head during pumping [m] 
hydraulic conductivity of the aquifer [m/s] 
hydraulic conductivity of the aquitard [m/s] 
pumping rate [m3/s] 
radial distance from a piezometer to the pumping well [m] 
leakage factor (dimensionless) 
aquifer storativity 
drawdown [m] 
aquifer transmissivity [m2/s] 
time [s] 
parameter for the well function 
well function 
well function for leaky aquifers 
distance from a well to a hydrogeologic boundary [m] 
leaky integrator, unfiltered river stage [m] 
xiii 
Z(I) leaky integrator, filtered river stage 
Geologic Units: 
BU b-unit, undifferentiated 
BC silt and clay subunit of the b-unit 
BG sand and gravel subunit of the b-unit 
BAI Bonney Rock intrusive 
MS mica sand 
PSA pre-slide alluvium 
RD river deposits 
SB slide block 
SD slide debris 
RSD reworked slide debris 
TCA Tanner Creek alluvium 
TCR Columbia River Basalt Group 
TEC Eagle Creek Formation 




The Bonneville Fish Hatchery, located on the Oregon shore of the Columbia 
River downstream of Bonneville Dam, is a major fish hatchery facility. The water 
supply for the hatchery is derived from a well field located on an alluvial terrace 
immediately downstream from the dam. Construction of a new navigation lock for the 
dam will displace the well field which lies in the proposed approach channel for the 
new lock. A map showing the location of Bonneville Dam on the Columbia River 
approximately 68 km east of Portland, Oregon is presented in Figure 1. The 
downstream terrace area and the location of the hatchery are shown in Figure 2. 
Early in the planning phase for the new navigation lock, concerns were raised 
about meeting the fish hatchery water requirements during and after construction 
(Cornforth Consultants, Inc., 1987, and U.S. Army Corps of Engineers, 1988b). Not 
only must a sufficient quantity of water be supplied, but strict temperature and water 
quality requirements have to be met as well. Fish raised in hatcheries are very 
susceptible to diseases and the quality of the water supply is essential for successful 
raising of fish. Water in the temperature range of 8.5 - 11.5°C and free from bacterial, 
viral and chemical contamination has been found to be optimal (Cornforth 
Consultants, Inc., 1987). After considering several alternative water supplies, it was 
decided to relocate the well field towards the north of the proposed approach channel. 
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The existing wells pump water from the pre-slide alluvium (PSA) aquifer, a very 
prolific aquifer that underlies the terrace area and probably extends across the 
Columbia River as well as down- and upstream (Cornforth Consultants, Inc., 1987). 
The aquifer predominantly consists of alluvial gravel and is confined by overlying 
aquitard layers. The removal of part of the overlying deposits that provide protection 
for the PSA aquifer during the excavation for the downstream approach channel and 
construction in the terrace area pose a potential threat to the ground water quality of 
the PSA aquifer and the water supply for the fish hatchery. The flow path for water 
from the channel into the PSA aquifer and towards the hatchery wells will be 
shortened. Adverse temperature or water quality effects must be anticipated. Spills 
of contaminants during construction or lock operation are other potential threats to 
the hatchery well field. An additional concern is the proximity of the new well field to 
the Columbia River. Since it is located closer to the river than the old hatchery wells, 
it might be more directly affected by the annual temperature fluctuations of the river 
water. Contaminants from the river might move more easily and quickly into the 
aquifer system and toward the well field. 
In the light of these concerns a ground water study was initiated by the U.S. 
Army Corps of Engineers (USACOE) to assess the water supply from the new well 
field during and after construction. Pumping test data from the existing fish hatchery 
wells and water wells in the terrace area as well as water level and temperature data 
from an automated data acquisition system in the downstream terrace area were 
analyzed. Together with subsurface data from geotechnical exploration, this 
information was used to develop an understanding of the ground water system. 
Within the framework of the ground water investigation this study focuses on the 
analysis of pumping test data and on the development of a three-dimensional 
computer model for the ground water flow system. 
PURPOSE AND SCOPE 
The purpose of this study is to analyze pumping test data from wells in the 
downstream terrace area at the Bonneville Navigation Lock site in order to develop a 
three-dimensional ground water flow model for the area. Results from pumping test 
analysis along with available information from the automated data acquisition system 
and geotechnical exploration were used to develop the ground water flow model to 
simulate the ground water system in the area. The model will be used as a 
management tool during construction and for long term management of the new fish 
hatchery well field. 
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The first phase of the study was dedicated to analysis of pumping tests. Data 
from pumping tests of the fish hatchery wells H-3 and H-4, and of water wells 
WW-1794, WW-1800, A-2 (WW-1805), A-1 (WW-1816), and WW-2030 (DW-3) were 
analyzed. Locations of the tested wells and the monitored piezometers are shown on 
Figure 2. Piezometer Hl-1, located across the Columbia River on the Washington 
Shore (Figure 1) was monitored during this phase of the study to assess the extent of 
the influence from pumping in the terrace area. 
The specific objectives of the first phase of the study were: 
1. to determine the magnitude and areal distribution of hydrogeologic 
parameters of the PSA aquifer; 
2. to evaluate the sources of recharge to the PSA aquifer; 
4 
3. to estimate the amount of leakage through the confining layers into the 
PSA aquifer; 
4. to determine the nature and location of hydrogeologic boundaries; 
s. to formulate a conceptual model of the ground water flow system that 
can be used to develop a computer model; 
6. to identify the characteristic features of the ground water system that 
can serve as criteria for the performance of the model. 
In the second phase, a three-dimensional computer model for the ground 
water system was developed. The ground water modeling program HST3D written by 
Kenneth L. Kipp, Jr. for the U. S. Geological Survey (Kipp, 1987} was chosen as the 
software most suitable for the study. It allows a fully three-dimensional simulation of 
ground water flow with associated heat and solute transport using finite-difference 
techniques. 
were: 
Within the scope of this study, the specific objectives of the modeling effort 
1. to discretize the system according to available subsurface data and 
prior analysis (extent of distinct alluvial units with their hydrogeologic 
properties, hydrogeologic boundaries, well locations); 
2. to calibrate the flow model using the criteria developed in the first 
phase; 
3. to verify the calibration of the flow model by simulating a different set of 
condition than used for calibration and comparing the results to 
observed behavior of the ground water system; 
4. to identify the hydrogeologic parameters that allow the best match of 
calculated and observed water levels in the ground water system. 
The tremendous amount of information available at the Bonneville Navigation 
Lock Site provides a unique opportunity to study the interactions between a major 
river and an adjacent ground water system. In the next step of the ongoing study, 
heat and contaminant transport were included in the model to evaluate the effects of 
the relocation of the well field and of the proposed downstream approach channel. 
SOURCES OF INFORMATION 
The "Final Geologic Report on the Bonneville Project" by Holdredge (1937) 
and Design Memorandum No. 3, "Geology, Excavation and Foundation", for the 
Bonneville navigation lock project (USACOE, 1984) were used as references on the 
geology of the study area. 
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"Subsurface Material Units Identification and Correlation, Bonneville Navigation 
Lock", a report to the U.S. Army Corps of Engineers, Portland District by Rittenhouse-
Zeman & Associates (1988) was used for information about the geology and 
sedimentology of the alluvial deposits in the downstream terrace area. 
Drill logs of exploration drill holes, piezometers and water wells drilled for or by 
the Corps of Engineers on the downstream terrace provided detailed information on 
specific locations where needed (USACOE, 1984 , 1988a and 1989). 
Pumping test data were obtained from "Pump Test Data, Bonneville Navigation 
Lock site, Columbia River, Oregon", a report presented to the U.S. Army Corps of 
Engineers by Cornforth Consultants, Inc. (1986a). This report along with Design 
Memorandum No. 9, "Fish Hatchery Well Relocation, Bonneville Navigation Lock, 
Bonneville Dam, Oregon" (USACOE, 1988b) and the "Fish Hatchery Water Supply, 
Bonneville Navigation Lock site, Columbia River, Oregon" from Cornforth Consultants, 
Inc. (1987) were used as references on the available hydrogeologic information. 
During the summer of 1988 piezometer HI-1 located on the Washington shore 
of the Columbia River {Figure 1) was monitored with an automatic GE OKON CR-1 o 
data-logger. 
Current water level and temperature data as well as pumping information 
contained in the Instrumentation Reports delivered to the U. S. Army Corps of 
Engineers, Portland District by BCA Geophysics, Inc. (1988) and LR. Squier 
Associates, Inc. (1989} were used throughout the study. 
6 
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GEOLOGY AND HYDROGEOLOGY 
The first step in examining the ground water system is to look at the regional 
geology of the area. Then, one needs to look at discrete sedimentary units that make 
up the aquifer system in the terrace and at the fluvial processes that determined their 
character and extent. 
REGIONAL GEOLOGY 
The regional and site geology was first described by Holdredge (1937). 
Subsequent research and explorations are summarized by the U.S. Army Corps of 
Engineers (1984). This review is taken from the information contained in those 
reports. 
The nearly 1000 m of rock strata exposed in the walls of the Columbia River 
Gorge above Bonneville Dam record over 40 million years of volcanism, 
sedimentation and deformation in the Cascade Range. The gorge also illustrates the 
erosional power of the Columbia River which was able to cut through the volcanic 
material that was deposited and later uplifted by tectonic forces. A geologic map of 
the vicinity of Bonneville Dam is shown in Figure 3. 
The oldest exposed rock unit in the Bonneville area is the Eocene Weigle 
formation which consists of relatively impermeable sedimentary deposits, primarily 
siltstone and claystone. It underlies the terrace area and most of the valley floor. The 
10 
Eagle Creek Formation overlies the Weigle formation unconformably. It is exposed in 
the highway cuts along Interstate 84 where it is composed of mudflow deposits. The 
Eagle Creek Formation is overlain by the Columbia River Basalt Group which forms 
the cliffs of the gorge. To the east of the terrace, immediately south of the existing 
navigation lock, the bedrock units are intruded by a diabase, the Bonney Rock 
intrusive (BRI), on which the new lock chamber will be founded. Deposits from the 
Tanner Creek landslide form the southeastern edge of the terrace. 
TERRACE DEPOSITS 
The alluvial deposits that make up the downstream terrace consist of a 
heterogeneous, stratified sequence of alluvial sediment and some reworked landslide 
debris. The sea level during the Pleistocene was approximately 100 m lower than at 
present. Thus the Columbia River was able to erode its channel to a depth of about 
80 m below the present sea level. Floodwater during the Pleistocene Missoula 
Floods eroded or greatly modified geomorphology of the gorge and the 
characteristics of the pre-existing deposits. Floodwater at peak flows formed a 
cascade over the resistant Bonney Rock and eroded a southwest-trending channel 
into the less resistant bedrock of the Weigle formation downstream of Bonney Rock. 
The deep river channel was infilled by alluvial deposits and some reworked debris 
from landslides as the sea level rose after the Pleistocene. Temporary damming by 
landslides originating from the oversteepened walls of the gorge disrupted and 
affected the post-Pleistocene fluvial processes of the Columbia River. These 
landslides blocked the flow of the river forming temporary lakes. The deposits 
·--I 
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forming the landslide dams eroded rapidly when overtopped by the river, causing the 
release of smaller floods carrying and redepositing landslide debris downstream. 
The character of deposits in the downstream terrace reflects the varying fluvial 
processes of the Columbia River. A representative cross-section through these 
alluvial deposits is shown in Figure 4. Figure 4 also shows the stratigraphic 
sequence encountered in the boring for piezometer Hl-1 on the Washington Shore of 
the Columbia River. 
Pre-Slide Alluvium (PSAl 
Water cascading over Bonney Rock during Pleistocene floods eroded a 
channel in the less resistant Weigle formation downstream of Bonney Rock. As the 
water flow decreased at the end of each flood, a layer of coarse gravel containing 
abundant cobbles and boulders was deposited. These flood-gravel deposits overlie 
the Weigle formation in the whole terrace area and are informally named pre-slide 
alluvium by the Corps of Engineers. The name pre-slide refers to the Bonneville 
landslide directly upstream of the dam. The clasts are well-rounded and consist of 
material resistant to weathering, such as local andesite and basalt and exotic rocks 
derived from the igneous and metamorphic highlands in Idaho. Similar deposits, 
although somewhat younger, occur across the river in the Second Powerhouse 
excavation and in the boring for piezometer Hl-1 (Figure 1 and Figure 4). On both 
sides of the river these deposits overlie the Weigle formation. The PSA was divided 
into three subunits in a report by Rittenhouse-Zeman & Associates (1988). The 
lowermost subunit, PSA1, consists of coarse gravel with abundant cobble and boulder 
with minor zones of sand and silt. It occurs primarily in the deeper eroded channel 
area with its upper surface at approximately -50 m elevation. This unit could have 
been deposited by the last major Pleistocene flood. Deposits from earlier floods 
would have been eroded by subsequent floods. 
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The PSA1 is overlain by a 3 - 8 m thick layer of sand, silt and clay of lower 
hydraulic conductivity, the PSAa subunit, possibly representing finer materials 
deposited at the end of the flood and materials deposited by normal river processes. 
The uppermost subunit, PSAa, again consists of coarser materials. However, it is 
more heterogeneous than the PSA1 subunit. It contains rounded gravel with cobble 
and boulder intermixed with silt and sand lenses. This unit could represent deposits 
of a late Pleistocene flood that was not large enough to erode previously deposited 
sediments. Coarse materials deposited by the aggrading Columbia River during the 
post-Pleistocene sea-level rise could be another mechanism for forming the PSA3 
subunit. A slide block and reworked slide debris is present in the upper part of the 
PSA3 subunit in the northeastern part of the terrace. This subunit marks the earliest 
documented landslide activity in the Bonneville area. 
The upper surface of the PSA is at approximately -20 m elevation. In the 
southwestern part of the terrace the PSA interfingers with alluvial deposits from 
Tanner Creek (TCA). The PSA extends beyond the terrace area and forms the basal 
alluvial unit in the gorge (Cornforth Consultants, Inc., 1987) 
Mica Sand (MS) 
The mica sand unit overlies the PSA over most of the terrace area. It is 
3 - 13 m thick and thickens near the landward edge of the terrace along Bonney 
Rock and the tracks of the Union Pacific Railroad (Figure 2). It was deposited in a 
lower energy environment than the PSA unit, possibly during the continuing post-
Pleistocene rise in sea level. The mica sand unit consists of fine-grained sand with a 




The b-unit overlies the MS and contains bluish-gray clay, silt, sand and gravel 
deposited in a variable energy environment. The b-unit varies greatly both vertically 
and laterally. In the area south of Mitchell Ditch and west of the fish hatchery 
(Figure 2), it consists of interbedded gravel and sand layers with clay and silt lenses. 
In the area between Mitchell Ditch and Bonney Rock, the b-unit can be divided into 
two subunits (Rittenhouse-Zeman & Associates, 1988). BC, the silt and clay subunit, 
consists of a sequence of clay and silt up to 10 m thick. The BG subunit contains 
abundant sand and gravel with small amounts of silt and clay similar to the undivided 
b-unit. The b-unit exhibits some evidence of cut and fill features. The deposits of the 
b-unit may be the result of cycles of erosion and deposition triggered by landslides 
temporarily damming the Columbia River and the subsequent breaching of these 
dams. 
River Deposits (RD) 
The uppermost unit in the alluvial sequence consists of recent river deposits. 
It contains coarse gravel, with cobble, sand and silt. Some slide blocks, slide debris, 
and reworked slide debris are present in this unit. This unit represents modern day 
fluvial sediments that were deposited after the occurrence of large landslides. The 
slide material present in this unit is derived from small local landslides. Fill, consisting 
of rock and soil materials excavated for construction of railroad, dam, lock, hatchery 
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and other facilities, overlies the native materials. The fill material was spread over the 
terrace for backfilling and landscaping. 
HYDROGEOLOGY 
The terrace deposits form a complex system of interconnected aquifers and 
aquitards. The hydrogeologic information that was available prior to this study is 
summarized in reports from Cornforth Consultants, Inc. (1987) and the U.S. Army 
Corps of Engineers (1988a). 
The PSA unit is a very productive aquifer. It supplies water to the existing fish 
hatchery wells and will be the water source for the new well field. It is described as 
being confined by the overlying layers of mica sand and b-unit. The bedrock below, 
Bonney Rock to the east and northeast, and landslide deposits and bedrock to the 
south have very low hydraulic conductivities compared to the terrace deposits. 
Therefore they act as no-flow boundaries. From pumping tests, transmissivities 
varying between 2.2*10·2 and 5.0*10·2 m2/s and hydraulic conductivities from 2.6*1 o-a 
to 5.1 *1 o-a m/s were calculated (Cornforth Consultants, Inc., 1987). The variation in 
these parameters was interpreted as indicating zones of higher and lower conductivity 
occurring throughout the aquifer (Cornforth Consultants, Inc., 1987). The location or 
extent of these zones could not be determined. Analysis for recharge boundaries 
was inconsistent in identifying the source of recharge for the PSA aquifer (Cornforth 
Consultants, Inc., 1987). 
The finer grained deposits of mica sand and b-unit are believed to confine the 
PSA aquifer. A pumping test in well A-1 (VVW-1816) yielded a value of 7.9*104 m2/s 
... 
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and a hydraulic conductivity of 5.1*10-5 m/s for the mica sand unit (Cornforth 
Consultants, Inc., 1987). Pumping test data is not available for the b-unit. 
The river deposits, the uppermost unit in the alluvial sequence, are 
heterogeneous and believed to be generally very permeable. From gradation curves, 
an average conductivity of 5*1 o-s m/s and maximum values up to 1.8*10-2 m/s were 
calculated (Cornforth Consultants, Inc., 1987). Ground water in this aquifer is 





Figure 3. Geologic map of the vicinity of Bonneville Dam. Adapted 
from U.S. Army Corps of Engineers (1984) . 
EXPLANATION 
~ - SOIL UNITS ARE Df LINEATED BY LIGHT LINES: 
RD - RECENT COLUMBIA RIVER ~ LLUVIUM INCLUDES STRATIFIED SANO, GRAVEL, COBBLE AND BOULDER DEPOSITS 
WITH OCCASIONAL SILT AIIJ CLAY LAYERS. COARSE FRACTION TYPICALLY ROUNDED CONSISTING OF COLUMBI . 
RIVER BASALT AND LESsEf. AMOUNTS OF OLIVINE BASALT. ALSO CONTAINS METAMORPHIC ANO GRANITIC 
"EXOTICS" AND WHITE Mil.A DERIVED FROM THE ]OAHO BATHOLITH AREA. RD UNIT IS GENERALLY PRESENT 
BELOW EL . lQQ FEET. H~ WEVER, A SILTY GRAVELLY SANO DEPOSIT WITH EXOTICS IS PRESENT ON THE 
EL. 400 FOOT BENCH WES '' OF TANNER CREEK. THIS DEPOSIT MAY BE RELATED TO THE MISSOULA FLOODS. 
RSD - REWORKED SLIDE DEBRIS. FORMS UNCONSOLIDATED "ouTwASH" DEPOSITS DOWNSTREAM OF THE SLIDE AREAS 
INCORPORATES VARYING A1IOUNTS OF BOTH ALLUVIAL AND SLIDE DERIVED MATERIALS. 
TALUS - ANGULAR ROCK FRAGME\ITS Of PREDOMINATELY COLUMB IA RIVER BASALT WITH LOCAL MINOR OLIVINE 
BASALT FORMS DEPOSITS l• F GP TO GM AT THE BASE OF STEEP TCR CLIFFS. TALUS DEPOSITS COVER THE 
TEC - TCR CONTACT THR01•GHOUT MOST OF THE AREA. 
SLOPE ~ASH AND TALUS - BROW : TO RED-BROWN SILTY SANO TO SANDY SILT DEPOSITS. UNSTRATIFIED, FORMS 
A THIN COVER OVER ~UCH OF THE AREA BELOW THE TALUS DEPOSITS. MAY CONTAIN VARYING AMOUNTS 
OF ANGULAR ROCK FRAGME h s. THIS TRANSPORTED SOIL UNIT IS PROBABLY DERIVED FROM THE CHEMICAL 
WEATHER I NG OF THE OLI V 1 NE BASALT ON THE CL! FF S ABOVE. 
ThIS UNIT ALSO INCLUDE ~ A POSSIBLE RESIDUAL SOIL UNIT COVERING THE EL. 500 FOOT BENCH EAST OF 
TANNER CREEK. THIS OEr·OSIT CONTAINS THE BROWN MICA, PHLOGOPITE, WHICH IS A COMMON ALTERATION 
PRODUCT OF THE OLIV INE BASALT BOULDERS POSSIBLY DEPOSITED BY THE MISSOULA FLOODS OR A 
SPHEROIDALLY WEATHERED OL IVINE BASALT LAVA FLOW. 
MS - UNCONSOLIDATED FINE TO MED IUM SANO DEPOSITS WITH WHITE MICA. FORMS UNSTRATIFIED DEPOSITS IN 
DEPRESSIONS ANO CHANNE i S IN THE CASCADE LANDSLIDE. MS UNIT IS PRESENT IN LESSER AMOUNTS IN 
THE Toorn ROCK LANOSLl \lo AREA. 
SD - SLIDE DEBRIS . UNCONSOf IDATED SLIDE MATERIALS RANGING TO 10 FEET IN SIZE. 
SB - SLIDE BLOCKS. INTACT, SLIDE TRANSPORTED ROCK MASSES WHICH ARE GREATER THAN 10 FEET IN SIZE. 
SLIDE BLOCKS MAY BE HU~UREOS Of FEET ACROSS. DISTINGUISHED FROM INPLACE ROCK BY STEEPER 
THAN NORMAL BEDDING DI~ ; ANO/OR CONTACT WITH SLIDE DEBRIS. 






Ril'IROAP IANPSI !Pf - LAST MOVEMENT IN MIO 1930's DURING CONSTRUCTION 
O~ EXISTING LOCK. LANDSLIDE CORRECTED WITH BACKFILL ON THE TOE OF 
LA .~DSLIDE. 
O~rl ER lANDSLI OE 
TANNER (REEK LANPSI IPE - LAST MOVEMENT IN 1%0 DURING CONSTRUCT ION 
OF 1-84, 
RUCKEL lANOSl !PE - LAST MOVEMENT IN 1924 DURING CONSTRUCTION OF 
RA I LROAO. 
CA SCAPE LANQSl I PE - No KNOWN RECENT ACT IV ITV. llooo FRAGMENTS 
FROM SLIDE DATED AT 750 YEARS. 
loom ROCK !ANOS! IQE - No KNOWN RECENT ACTIVITY. SLIDE ESTlllATEO 
TO BE 10-20,0CO YEARS OLD. LOCAL UNSTABLE MATERIALS AT TOE FAILED 
j I N 1936 DURING CONSTRUCTION OF BONNEVILLE DAM . 
CEDROCK !'NITS - HEAVY LINES l~L ICATE APPROXIMATE AND INFERRED CONTACTS BETWEEN MAJOR ROCK GROUPS. 
LIGHT LINES DL I NEATE AREAS Of INPLACE OUTCROPS FOR EACH ROCK GROUP. 
r.~ :·~: · ·: :.·j 
[:._:_"*' -··· 
QT i - BORING FORMATION CONSISTS OF OLIVINE BASALT LAVA FLOWS, FLOW 
BRECCIAS ANO RELATED CLAS TIC ROCKS. 
TR - RHODODENDRON FORMAT ION CONSISTS OF VO LC AN IC CONGLOMERATE, TUFF 
BRECCIA, TUFF, ASH ANO STRATIFIED MICA SANO. BEDS ARE HORIZONTAL. 
TC1 - COLUMBIA RIVER BASALT GROUP CO NSISTS OF BASALT LAVA FLOWS ANO 
FLOW BRECCIAS WI TH LOCAL SO IL I NTERBEOS BETWEEN FLOWS. fLOWS 
ARE HORIZONTAL. 
TEt - [AGLE (REEK FORMATION CONSISTS OF VOLCANIC CONGLOMERATES ANO 
VOLCANIC SANDSTONES POORLY BEDDED WITH LOC AL S I LTSTONE AND 
SANDSTONE I NTERBEDS. 
H/ - WEIGLE FORMATION CONSISTS OF MASSIVE MUOSTONES WITH INTERBEDDED 
SANDSTONES ANO SILTSTONES WITH LOCAL CONGLOMERATES. MATERIALS 
ARE GENERALLY WELL BEDDED. MATRIK IS ALTERED TO CLAY MINERALS. 
FAILURE PLANES FOR MAJOR SLIDES ARE SEATED IN THE UNIT. MAXIMUM 
INPLACE BEDDING DIP 300. 
Tl - BONNEY RocK INTRUSIVE. CONSISTS OF DIABASE, COLUMNAR JOINTED 
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Figure 4. Representative geologic cross-section of the downstream 
terrace area. Adapted from U.S. Army Corps of Engineers (1990) . 
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CHAPTER Ill 
PUMPING TEST ANALYSIS 
SOURCES OF RECHARGE FOR THE PSA AQUIFER 
Plots of drawdown versus time for the pumping tests in the PSA aquifer show 
a stabilization of the piezometric surface of the aquifer after about 200 minutes of 
pumping (Figure 5). At that time, the system reaches an equilibrium between 
discharge through pumping and recharge to the aquifer. For the selection of an 
appropriate method for the analysis of pumping tests in the PSA aquifer, it is essential 
to evaluate where the recharge to the aquifer comes from. Does the aquifer receive 
recharge directly from the Columbia River or is recharge derived primarily from 
leakage through the confining layers? Different approaches were used to answer this 
question. 
Method Of Images 
A hydrogeologic boundary that is an abrupt discontinuity such as a stream 
penetrating a confined aquifer (Figure 6a) can be represented by a hypothetical 
image well which is easier to describe analytically. With this approach, the real 
bounded system with the real well and the recharge boundary is represented for the 
purposes of analysis by an imaginary system of infinite areal extent (Figure 6b). In 
this system there are two wells pumping, the real well on the left and the image well 
on the right. The image well in this case is an injection well, injecting water at a rate, 
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a, equal to the pumping rate of the real well. It is located at an equal distance, x, on 
the opposite side of the boundary. According to the principle of superposition (Bear, 
1979), the cone of depression from the pumping well and the cone of build-up from 
the imaginary injection well can be added to give the combined drawdown of the two-
well system. It becomes apparent that this pumping scenario creates a constant 
head boundary at the exact location of the real constant head boundary (Figure 6c). 
Based on the image well concept, Heath and Trainer (1968) describe a 
method to determine the position of a constant head boundary based on the Theis 
Method. A logarithmic plot of drawdown versus time from a piezometer monitoring a 
pumping test is matched with the Theis curve. From the early part of the drawdown 
data when observed drawdown completely matches with the Theis curve, the time, tr, 
at which a certain amount of drawdown, s, occurs, is determined. From the later part 
of the drawdown data, when observed drawdown deviates from the Theis curve as a 
result of recharge from the constant head boundary, the time, ti, at which the 
deviation from the Theis curve is equal to the drawdown from the real well, s, at time 
tr, is determined. These two times along with the distance of the real well to the 
piezometer are then used to find the distance from the piezometer to the image well: 
where 
r. = r * (t. I t ) 112 1 r 1 r 
distance from piezometer to image well 
distance from piezometer to real well 
time at which deviation from Theis curve attributed to image well 
reaches a certain amount, s 
time at which drawdown from the real well is a certain amount, s 
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Figure 7 shows an example for the calculation. This procedure was applied to five 
piezometers monitoring the pumping test in H-4. If the distance to the image well 
from several piezometers is calculated, the location of the image well and the 
constant head boundary, if one is present, can be determined. Calculated distances 
to the image wells and distances from the piezometers to the pumping well are listed 
in Table I. Figure 8 shows circles around the piezometers representing the distance 
to the hypothetical recharging image well. If a linear constant head boundary 
represented by the image well were present, these circles would intersect at one 
point, the location of the image well. They clearly do not intersect at one point. 
Instead, calculated distances to the image well appear to be related to radial distance 
between the piezometers and the pumping well {Table I). This could indicate that 
recharge occurs over a large area by vertical leakage through the confining layers 
rather than through a constant head boundary such as the Columbia River. Close to 
the pumping well, drawdown is large, and so is recharge by leakage induced by the 
hydraulic gradient between aquifer and overlying deposits. Hypothetical image wells 
representing recharge appear to be close. At larger distances from the pumping well, 
drawdown is lower and so is the induced leakage. The image well in this case will 
appear farther away. 
Observations In Piezometer Hl-1 
Monitoring the water level in piezometer Hl-1 on the Washington shore of the 
Columbia River (Figure 1) added information about the source of recharge to the PSA 
aquifer. Hl-1 is located 1070 m from the fish hatchery well field and 100 m north of 
the river shore. During the summer of 1988 it was monitored at 15--minute-intervals 
with a GEOKON CR-10 automatic data logger. Figure 9 shows a record of water 
levels over a 12 day period. The water level in the piezometer is generally 0.5 m 
above the Columbia River water level and closely follows stage changes. River 
efficiency, the percentage of the magnitude of the change in river stage that is 
reflected in the piezometer, is approximately 30%. 
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During the period shown in Figure 9, one of the fish hatchery wells was shut 
off, lowering the total pumping rate in the hatchery well field by 0.22 m3/s. Figure 1 O 
shows this event in detail. The effect of the change in pumping rate on the water 
level in the piezometer is obscured by a rise in river stage which occurred at the 
same time. To correct the water level in the piezometer for the effect of the change in 
river stage, a filtering procedure was applied. The filtering procedure was designed 
to eliminate the effect of the stage change, thus allowing the response of the water 
level in the piezometer to the change in pumping rate in the hatchery well field to be 
determined. Filtering has to account for the time delay of the response to stage 
changes and for the river efficiency, the amount of change in the water level in the 
wells as the result of a given change in river stage. It also needs to account for the 
dampening effect of the aquifer system. A large change in the river stage over a 
short time might show little effect on the aquifer, whereas a change of similar 
magnitude but occurring over a longer time would have a much stronger effect. 
Figure 11 illustrates this effect. 
The filter used is a "leaky integrator" (Johnson, 1973), which takes all three 
effects into account: 






filtered river stage 
last filtered river stage 
unfiltered river stage 
filter coefficient 
The filter coefficient can be in the range from zero to one, where zero is 
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equivalent to total filtering {no data input), and one means no filtering {no past history 
kept). A small value for E results in strong filtering, large values for E produce less 
filtering. The resulting values were then multiplied with a factor to account for the 
river efficiency. Values for the filter coefficient and the multiplication factor for the 
piezometer depend on distance from the river, screened interval and local properties 
of aquifer materials. The optimum values were determined using periods in which 
changes in the pumping rate did not occur. During these periods water level in the 
aquifer is only influenced by the river stage changes. Different combinations of the 
values for the filter coefficient and the multiplication factor were tried out and the 
values giving the non-fluctuating, stable water level in the aquifer were determined. 
The FORTRAN program WLPROCS2 {Johnson, 1988) was used to perform the 
filtering. Figure 12 shows the Columbia River stage and the filtered river stage along 
with observed and corrected water level in the piezometer. Figure 13 shows a 
logarithmic plot of the recovery of the water level in Hl-1 after correction for the stage 
fluctuation. Decrease of the pumping rate by 0.22 m3/s results in a rise of the water 
level of 0.3 m with the response starting about 30 minutes after pump shut-off. A total 
of five changes in the pumping rate of the fish hatchery well field were documented 
during the monitored period. In all cases, a response on the Washington shore was 
observed, clearly indicating that the influence from pumping in the downstream 
terrace area extends well beyond the Columbia River. 
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Response of the Shallow Aquifer to Pumping 
A response of the shallow aquifer (river deposits) to pumping in the PSA 
aquifer has been reported (USACOE, 1988b). This indicates that the aquifers are 
hydraulically interconnected and that some leakage through the confining layers must 
occur. 
To further evaluate whether and to what extent pumping in the PSA aquifer 
affects the shallow aquifer, the effect of two changes in the pumping rate from the 
hatchery well field that occurred during August and September 1989 were examined 
in detail. It is difficult to determine if the shallow aquifer responds to pumping in the 
PSA aquifer because the relatively small changes caused by pumping are easily 
obscured by much larger water level fluctuations due to river stage changes. Water 
levels in shallow piezometers before and after the changes in the pumping rate were 
evaluated. To avoid interference from river stage fluctuations, the water levels were 
compared at times where the water level elevation in the river was the same and no 
fluctuations occurred. By doing this the difference in water level in the shallow 
piezometers can be attributed to the changed pumping rate from the well field. The 
water levels in the piezometers are summarized in Table II. The shallow piezometers 
clearly show a response to the changed pumping rate. Changes in the pumping rate 
of 0.22 and 0.24 m3/sec result in a change in water levels in shallow piezometers on 
the order of about 0.4 m. This indicates that some interaction between the two 
aquifers must occur. 
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Discussion 
It was not possible to identify the Columbia River as a recharge boundary for 
the PSA aquifer with the image well method. Instead recharge appears to occur over 
a large area. A response to changes in pumping in the hatchery well field was 
observed in piezometer Hl-1 on the Washington shore of the Columbia River, 
indicating that the cone of depression from pumping in the hatchery well field extends 
beyond the Columbia River. A response in the shallow aquifer to pumping in the PSA 
aquifer was documented. 
Two different possible scenarios for a river/aquifer system are sketched in 
Figure 14. Figure 14a shows a confined aquifer in direct connection to the river. 
Drawdown does not extend beyond the river and is clearly smaller in the vicinity of 
the recharging river than in areas farther away from the river. Figure 14b shows an 
aquifer that is separated from the river by an aquitard layer that extends beneath the 
river. Here the cone of depression can extend beyond the river and drawdown 
distribution is more uniform. The observations described above appear to indicate 
that our system resembles more closely the scenario in Figure 14b. It appears that 
the major part of the recharge to the PSA aquifer is derived from leakage through the 
confining aquitard layers. An aquitard layer appears to extend continuously beneath 
the Columbia River. 
Based on the foregoing, the Hantush-Jacob Method for leaky aquifers was 
chosen as the primary analytical technique for pumping test analysis. This method is 
designed to account for vertical leakage through confining layers. 
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METHODS OF PUMPING TEST ANALYSIS 
Hantush and Jacob (1955) developed an analytical solution for non-steady 
radial flow to a well in an infinite leaky aquifer. It describes the variation with time of 
the drawdown induced by a well steadily discharging from an infinite leaky aquifer. A 
schematic diagram of a leaky aquifer system is shown in Figure 15. The solution can 
be written in terms of two parameters, the dimensionless parameter r/B defined by 
r/B = r I (T * b' I K') 112 
and the parameter u 
where 







distance from piezometer to pumping well 
aquifer storativity 
aquifer transmissivity 
time since pumping started 
thickness of the aquitard 
vertical hydraulic conductivity of the aquitard. 
The solution is 
where 





initial water level 
water level during pumping 
pumping rate 
transmissivity of the aquifer 
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W(u,r/B) leaky well function. 
The leaky well function, W(u,r/B), was tabulated by Hantush (1956) and a plot 
of this function against 1 /u gives a set of type curves for different values of r/B that is 
used for matching the pumping test data. The W(u,r/B) type curves are shown in 
Figure 16. The solution is based on the following assumptions: 
1 . flow through the aquitard is vertical, flow in the aquifer is horizontal, 
2. the aquifer is infinite in extent and confined, 
3. the layers are uniform in thickness, 
4. discharge is derived from a reduction of storage in the aquifer and from 
leakage through the aquitard, 
5. leakage is proportional to drawdown in the aquifer at any point, 
6. the aquitard does not store water, 
7. drawdown in the unpumped aquifer does not occur. 
The Hantush..Jacob Method was applied by manually matching pumping test 
data to the set of type curves (Figure 17). In addition, the BASIC program TSSLEAK 
(van der Heijde, 1985) was used. This program directly calculates aquifer parameters 
using a least square fitting procedure to find the best match between data and type 
curves. 
The Theis Method (Theis, 1935) and the Jacob-Semilog Method (Cooper and 
Jacob, 1946) were used for an additional verification of the results. Since leakage is 
not considered by these two methods, only data from the early stage of the pumping 
tests, when the effects of recharge are negligible, were used to calculate values for 
aquifer transmissivity and storativity. Theis developed an equation describing 
drawdown in a confined aquifer with a well discharging at a constant rate. A plot of 
the well function, W(u), against 1/u (Figure 18) is matched to the pumping test data 
and transmissivity and storativity can be determined. An example for the 
determination of aquifer parameters with the Theis Method is shown in Figure 19. 
Cooper and Jacob (1946) pointed out that for small values of u the well 
function can be approximated by a simpler logarithmic term, and developed a 
technique, the Jacob-Semilog Method, where pumping test data is plotted on a 
semilogarithmic scale. For values of u < 0.05 the data points will plot as a straight 
line. Transmissivity is calculated from the slope of the line and storativity can be 
determined from the intercept of the extended straight line at zero time. Figure 20 
shows how aquifer parameters are determined with this method. 
PUMPING TESTS 
Fish Hatchery Wells H-3 And H-4 (PSA Aquifer) 
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Pumping tests in H-3 and H-4 were conducted on August 12 and August 6, 
1986, respectively. The wells were pumped at rates of 0.281 m3/s and 0.284 m3/s 
from the PSA aquifer. Five piezometers and the pumping well were monitored during 
the test in H-3. During the test in H-4 nine piezometers were monitored. Information 
about the pumping wells and the piezometers is included in Appendix A. The 
locations of wells and piezometers are shown in Figure 2. Columbia River stage was 
almost stable during the tests (Figure 21) and did not affect the measured 
drawdowns. Results from the different analytical techniques are listed in Table Ill. 
They show close agreement among the different methods. Differences are a result of 
the different assumptions on which the various methods are based. An average value 
from the different methods, or the value from the method that, based on the 
assumptions of individual methods, seemed most appropriate for a particular 
piezometer, was chosen as representative for that piezometer. These values are 
presented in Table IV. 
A-2 (PSA Aquifer) 
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The pumping test in well A-2 (WW-1816) was conducted on July 31 and 
August 1, 1986. Test well A-2 was pumped at a constant rate of 0.126 m3/s from the 
PSA aquifer. The pumping well and twenty-four piezometers at different locations and 
screened at different elevations were monitored during the test. Figure 2 shows the 
locations of pumping well and piezometers, information about well A-2 and the 
piezometers is included in Appendix A. 
About 400 minutes after pumping started, a fluctuation in the river stage of 
1 .3 m affected the water levels in the wells monitored. Figure 22 shows water levels 
in the river during the test, and Figure 23 shows a time-drawdown plot for one of the 
piezometers (1746-Z1) showing the effect of the fluctuation of the river stage on the 
piezometric surface of the PSA aquifer. The water-level rise in the river influences the 
piezometric surface of the aquifer and obscures the drawdown from the pumping test. 
Since good quality data from the later part of the pumping test are crucial to 
determine vertical hydraulic conductivities of the confining layers and leakage rates 
through these layers, the water levels in the piezometer were corrected for the 
influence of fluctuations in the river stage. 
The filtering procedure described in the section on observations in piezometer 
Hl-1 was used to correct water levels in the pumping well and piezometers for the 
river stage fluctuation. It was found that the piezometric surface of the PSA aquifer 
reacts almost instantaneously to river fluctuations. The river efficiency for different 
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piezometers varies between 40 and 60%. Figure 24 shows the correction process for 
piezometer 1746-Z1 as an example. Uncorrected water level, filtered river stage and 
the corrected water level (the filtered river stage subtracted from the uncorrected 
water level) are plotted. The corrected time-drawdown data were plotted on a 
logarithmic scale and used for further analysis. Figure 25 shows an example of the 
corrected time-drawdown data. This procedure allowed use of information in the later 
phase of the pumping test. Results of the pumping test analysis are presented in 
Table IV. 
Other Pumping Tests in the PSA Aquifer 
During the geotechnical exploration for the new hatchery well field pumping 
tests were performed in wells WW-1794, WW-1800, WW-2030 (DW-3) in October 1988. 
Figure 2 shows the locations of the wells. WW-1800 and WW-2030 lie in the area 
where a slide block and reworked slide debris are embedded in the PSA aquifer. 
Pumping rates were 2.52*10-2 m3/s for WW-1800, 2.78*10-2 m3/s for WW-1794, and 
1.26*10-2 m3/s for WW-2030. Water levels were measured in the wells, and 
piezometers in the terrace area were monitored by the automatic data acquisition 
system on the site (BCA Geophysics, Inc., 1988). Only water levels in the test wells 
were used for analysis because the low pumping rates affected the aquifer only in the 
close vicinity of the pumping wells. Measurements of water levels in the test wells 
were done with pressure transducers that did not function properly while the pumps 
were operating due to vibrations from the pump. Therefore, the recovery of the 
piezometric surface after pump shut-off was used to determine aquifer transmissivity. 
The Jacob-Semilog Method was used. Calculated transmissivity values are 
4.03*1 o-a m2/s for 't/>Ni/-1800, 2.73*104 m2/s for 't/>Ni/-2030 and 2.45*10-2 m2/s for 
't/>Ni/-1794. 
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In November 1988 pumping tests were performed in well F-1 rtffl-2033) by 
Robinson & Noble, Inc. (1988). A value for the aquifer transmissivity of 1.3*10-2 m2/s 
was calculated (Robinson & Noble, Inc., 1988). 
From the transmissivities and PSA aquifer thicknesses at the well locations 
(Rittenhouse-Zeman & Associates, 1988) hydraulic conductivities of 1.47*104 m/s for 
't/>Ni/-1800, 9.8*104 m/s for 't/>Ni/-1794, and 7.16*10-a m/s for 't/>Ni/-2030 were 
calculated. The low transmissivity and conductivity values in 't/>Ni/-1800 and 't/>Ni/-2030 
could be a result of the slide block and reworked slide debris in that area. 't/>Ni/-1794 
appear not to be affected by the slide block. Hydraulic conductivity for well F-1 was 
not calculated according to a report from Robinson & Noble, Inc. (1988). 
A-1 (Mica Sand) 
On August 4 through August 5, 1986 two pumping tests were performed in 
well A-1 rtffl-1816) which was screened in the upper part of the mica sand unit. Test 
1 was terminated due to pump failure after 4 hours, Test 2 ran for 26 hours. Pumping 
rates were 6.30*1 o-a m3/s and 7.26*10-3 m3/s respectively. Twenty-four piezometers 
and the pumping well were monitored during Test 1, and 1 O piezometers in addition 
to the pumping well were monitored during Test 2. Information about the pumping 
well and the piezometers is included in Appendix A. Locations of well A-1 and the 
monitored piezometers are shown in Figure 2. In both tests, the water level in well 
A-1 stabilized after 1 O minutes. During Test 1 the river stage was stable while Test 2 
was affected by a river stage fluctuation of about 1.2 m. The water levels in A-1 
during the pumping tests and the Columbia River stage during the tests are shown in 
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Figures 26 and 27. A response to pumping could not be observed in the monitored 
piezometers. Even piezometer 1747-Z1, only 4 m away from A-1, shows no 
drawdown. The radius of the cone of depression is very small. Another possible 
reason for the lack of drawdown beyond the pumping well is that the piezometers 
usually monitor a wide zone of the aquifer while A-1 is only screened in the small 
interval between elevation -4.9 m and -18.4 m (Appendix A). 
Since no drawdown data from piezometers outside the pumping well are 
available only the Jacob-Semilog Method was used for analysis. Transmissivity 
values calculated from drawdown in the pumping well from Test 1 and Test 2 are 
4.75*10-4 m2/s and 6.18*10-4 m2/s respectively. The value from Test 1 was chosen as 
more accurate because the system was unaffected by prior pumping and river level 
fluctuations. The thickness of the mica sand unit where A-1 is located is 15 m. That 
gives an estimate of hydraulic conductivity of 3.2*10·5 m/s for the mica sand unit. No 
storativity value can be calculated from drawdown in the pumping well. 
VERTICAL LEAKAGE 
Different approaches were used to quantify the vertical hydraulic conductivity 
of the confining layers b-unit and mica sand. This parameter controls how much 
water can leak into the PSA aquifer from the overlying units which are in direct 
hydraulic connection to the Columbia River. It is also critical in evaluating the 
potential effects of the new approach channel on the ground water. Vertical hydraulic 
conductivity determines the rate at which water from the approach channel will enter 
the aquifer. The quantity of water from the approach channel moving into the aquifer 
and the velocity at which it travels through the confining layers are two factors that 
control filtering and temperature buffering capacity of the system and possible 
adverse affects on the PSA aquifer and the hatchery well field. 
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Methods that were used to determine the vertical hydraulic conductivity are the 
Hantush-Jacob Method for leaky aquifers (Hantush and Jacob, 1955) and the Ratio 
Method developed by Neuman and Witherspoon (1972). Falling-head permeability 
tests on two samples from the mica sand unit were done by the Corps of Engineers 
(USACOE, 1990). 
The Hantush-Jacob Method was described earlier. It is the standard 
technique for the evaluation of leaky aquifer systems. Limitations of the method are 
that no storage in the aquitard as well as no drawdown in the unconfined upper 
aquifer are assumed. Furthermore, b-unit and mica sand unit have to be considered 
as one uniform aquitard layer. The advantage of the method is that the value for the 
vertical hydraulic conductivity can be readily determined from the match between 
pumping test data type curves. Calculated values for the vertical hydraulic 
conductivity of the confining layers range from 8.5*10-7 to 1.5*104 m/s; results for 14 
piezometers are listed in Table V. It appears that for piezometers far away from the 
pumping well small values are obtained, while piezometers close to the pumping well 
yield higher values. The reason for this could be that the small drawdown at large 
distances from the pumped well does not induce much leakage in the short time 
monitored during the pumping tests. Thus vertical hydraulic conductivity at large 
distances from the pumped well could be underestimated by this method. Neuman 
and Witherspoon (1969a, 1969b and 1972) discuss the validity of Hantush-Jacob 
Method to evaluate the hydraulic conductivity of aquitards. They find that the extent 
to which leakage can affect the behavior of the drawdown in an aquifer is a function 
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of the radial distance from the pumping well. They arrive at the conclusion that 
errors introduced by the Hantush-Jacob Method will be small if the data are collected 
close to the pumping well, but may become significant when the observation well is 
placed too far away. Based on the foregoing, the values for vertical hydraulic 
conductivity of the aquitard layers obtained for piezometers close to the pumping 
wells appear to be more reliable. 
Neuman and Witherspoon (1972) present a more sophisticated method for the 
determination of aquitard vertical hydraulic conductivity. They use drawdown in both 
the aquifer and in the aquitard. The ratio of the drawdown in the aquitard to that 
measured in the aquifer at the same time and the same radial distance from the 
pumping well is used to evaluate the properties of the aquitard. This method does 
not have the limitations of the Hantush-Jacob Method. However, it requires detailed 
drawdown data in the aquitard and a value for the specific storage of the aquitard 
which has to be determined in consolidation tests of sediment samples. Because of 
the limitations of the available data this method was only applied to piezometer 1738. 
The shallow piezometer, 1738-22, is screened in the mica sand unit, 5.5m above the 
PSA aquifer. The deeper piezometer, 1738-Z1, is screened in the PSA aquifer. A 
specific storage of 7.9*10-4 m·1 was calculated from consolidation tests on mica sand 
samples from drill holes 1644 and 1652 (USACOE, 1984) which are located in the 
vicinity of piezometer 1738 (Figure 2). Time-drawdown data from pumping test A-2 
were used. A value of 2.4*1 a~ m/s for the vertical hydraulic conductivity of the mica 
sand was calculated. The calculations are included in Appendix B. 
Two falling-head permeability tests on undisturbed samples from the mica 
sand were done by the Corps of Engineers (USACOE, 1990). Samples from drill 
holes 2011 and 2032 gave values of 1*10-6 and 1*10·5 m/s respectively. 
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The values for the vertical hydraulic conductivity of the aquitard obtained for 
different locations and from the different methods vary from 1 *10-6 to 1 *10-4 m/s. This 
appears to reflect the heterogeneity of the aquitard layers. To some degree the 
different approaches and assumptions of individual methods could contribute to the 
variations in the results. It is important to remember that for the Hantush-Jacob 
Method mica sand and b-unit are considered as one aquitard layer, while the Ratio 
Method and the laboratory test results are specifically for the mica sand. 
BOUNDARIES 
The question whether the Columbia River acts as a recharge boundary for the 
PSA aquifer was discussed earlier. Although the Columbia River is the major water 
source for the aquifer system, it could not be identified as a recharge boundary for 
the PSA aquifer. It appears that recharge to the PSA aquifer is primarily from vertical 
leakage through the overlying confining layers over a large area. The shallow aquifer 
and the confining layers for the PSA aquifer appear to be in direct hydraulic 
connection with the river. 
Piezometers close to the bedrock slopes in the south of the terrace area and 
close to Bonney Rock in the east of the terrace generally show a larger drawdown 
than piezometers close to the Columbia River. Bedrock slopes and Bonney Rock act 
as impermeable boundaries relative to the more permeable alluvial terrace deposits. 
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The bedrock of the Weigle formation underlying the terrace area is also considered as 
an impermeable boundary. 
SUMMARY OF HYDROGEOLOGIC PARAMETERS FOR THE ALLUVIAL UNITS 
Values for the hydrogeologic parameters transmissivity, conductivity and 
storativity of the PSA aquifer found from analysis of different pumping tests are 
compiled in Table IV. Aquifer transmissivity ranges from 2.73*10-4 to 3.31*10-2 m2/s, 
and hydraulic conductivities calculated from the transmissivity and PSA unit 
thicknesses (Rittenhouse-Zeman & Associates, 1988) range from 7.16*10-6 to 
2.79*10-3 m/s. Storativity varies between 3*10-5 and 7*10-3. The variations appear to 
reflect the heterogeneity of the aquifer. The very low values found for WW-1800 and 
WW-2030 appear to be related to the presence of a slide block and reworked slide 
debris embedded in the PSA aquifer. 
One of the objectives of the pumping test analysis was to describe the areal 
distribution of transmissivity and conductivity in the PSA aquifer. Using the results 
from pumping wells and piezometers, maps of the distribution of these parameters 
were drawn (Figures 28 and 29). The contours were generated with a graphics 
program using a kriging procedure. The parameters determined for the piezometers 
were assumed to be representative for the vicinity of the respective piezometer. A 
zone with very high transmissivity and conductivity exists in the southeast of the 
terrace in the vicinity of well A-2. This zone coincides with a depression in the top of 
the PSA unit. Water flowing over Bonney Rock intrusive during Pleistocene floods 
might have caused this depression and left very transmissive high energy deposits. 
The region in the northeast of the terrace shows a relatively low transmissivity. This is 
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due to a slide block and reworked slide debris that are embedded in the PSA unit in 
that region. The slide block would also explain the relatively unproductive dewatering 
wells drilled in the region. The western part of the terrace is more uniform and 
hydraulic conductivity is somewhat lower than in the eastern part. Here the areal 
distribution of transmissivities (Figure 28.) reveals the shape of the channel in which 
the PSA was deposited. The high transmissivity zone is in the center of the buried 
channel and lower transmissivities occur toward the edges. The relatively high 
hydraulic conductivity value at piezometer 1632 represents the PSA intermixed with 
Tanner Creek alluvium as determined in a report by Rittenhouse-Zeman & Associates 
(1988). 
For the mica sand unit a transmissivity value of 4.75*10-4 m2/s and a 
conductivity value of 6.8*10-5 m/s was determined from pumping test A-1. Lab tests 
of mica sand samples gave values of 1 *1 o~ -1*10·5 m/s for vertical hydraulic 
conductivity. Pumping test data analyzed with the Ratio Method gave a value of 
2.4*1 o~ m/s. The specific storage was calculated from consolidation tests to be 
0.02 m·1• 
For the vertical hydraulic conductivity of the confining layers, the mica sand 
and b-unit as a whole, a range of 1 *1 o~ to 1*10·4 m/s was found. This appears to 
reflect the heterogeneity of the materials of the aquitard layers. 
TABLE I 
IMAGE WELL METHOD, CALCULATED DISTANCES TO IMAGE WELLS 
AND DISTANCES TO PUMPING WELL FOR 
PUMPING TEST H-4 
Piezometer, Distance to Distance to 
Monitoring Well No. Pumping Well [m) Image Well [m) 
H-5 f'NW-3) 72 235 
1612-Z1 86 318 
1615-Z1 113 710 
1611-Z1 246 1310 
1624-Z1 230 1789 
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TABLE II 
RESPONSE OF SELECTED SHALLOW PIEZOMETERS TO CHANGES IN THE 
PUMPING RATE FROM THE HATCHERY WELLS 
August 8, 1989, 16:05 hrs 
Hatchery Well H-5 turned off after pumping at 0.22 m3/s 
Observation 
Point 






























Water Level (m above MSL) 
9/11/89 9/12/89 Change in 
15:00 18:00 Water Level 
1624-Z2 1.52 1.31 -0.21 
1732-Z2 2.74 2.38 -0.36 
1946-Z2 2.01 1.74 -0.27 
1953-Z2 2.90 2.74 -0.26 





















RESULTS OF DIFFERENT PUMPING TEST ANALYSIS METHODS, 
PUMPING WELLS H-3 AND H-4 
Pumpklg ............... lollllhod Hanlush.Jacob lollllhod 
Tlllt cu- Ualchklg TSSl..EAK 
T(m2ts) s T(m2ts) 
H-3 1.02•10-2 2.e•10-' 1.oe•10-2 
H-3 2.10•10-2 3.0*10-' 2.13*10-2 
H-4 2.75*10-2 1.8*10-' 2.79*10-2 
H-3 1.44*10-2 1.7*10-2 1.17*10-2 
H-4 2.25•10-2 1.5*10-3 2.22•10-2 
H-4 2.82*10-2 3.3*104 2.11•10-2 
H-4 1.ss•10-2 1.2*104 
H-4 1.48*10-2 3.6*10-5 1.48*10-2 
H-4 2.39•10-2 1.0•10-5 2.49*10-2 
H-4 
H-4 1.es•10-2 8.4*104 
H-4 2.32*10-2 3.5*10-3 2.32•10-2 
H-3 2.82*10-2 
Hantush-Jacob Method affected by large eany drawdown 
close to pumping -11, affected by partial penetration effects 
two -r lewl readings only 
few water level readings, first reading alter 20 min. 











Jacob lollllhod 1hBlll lollllhod 
T(m2ts) s T(m2ts) 
1.ee•10-2 2.2•10-' 
2.33*10-2 2.8*10-' 2.11•10-2 
2.ss•10-2 1.4*104 
2.25*10-2 1.7*10-3 2.24*10-2 
2.75*10-2 1.0*10-3 



















SUMMARY OF RESULTS OF PUMPING TEST ANALYSIS 
FOR THE PSA AQUIFER <1> 
Piezometer, Pumping Tests Transmissivity Hydraulic Storativity <3> 
Monitoring (m2/s) Conductivity 
Well No. (m/s) (2) 
1610-Z1 H-3, H-4 1.98*10-
2 6.04*10"" 2.2•10"" 
1611-Z1 H-3, H-4 2.45*10-
2 6.28*10"" 2.0•10"" 
1612-Z1 H-3, H-4 2.37*10-
2 5.66*10"" 1.5*10-3 
1615-Z H-4 2.80*10-2 6.89*10"" 3.4*10"" 
1624-Z1 H-4 1.81•10·
2 5.70*10"" 1.2•10"" 
1629-Z1 H-4, A-2 1.ss•10·
2 5.40*10-4 3.0•10·5 
1632-Z1 H-4 2.59*10-
2 1.42*10"3 6.5*10"" 
1730-Z2 H-4 1.78*10-2 1.09*10-3 2.9*10-5 
1738-Z1 A-2 2.75*10-2 6.61*10-4 2.5*10-
3 
1741-Z1 A-2 2.67*10"









WW-1794 A-2, Pumping Well 2.45*10"
2 9.80*10"" 8.4*10"" 
WW-3 (H-5) H-4 2.32*10"2 5.48*10"" 3.3*10"3 
H-3 Pumping Well 2.42*10"
2 5.76*10"" 
WW-1800 Pumping Well 4.03*10"
3 1.47*10"" 
WW-1805 Pumping Well A-2 3.02•10·
2 2.30*10-3 
WW-2030<4> Pumping Well 1.3*10"2 
WW-2033 Pumping Well 2.73*10"" 7.16*10-6 
Values are averaged from results of different methods and different pumping tests. 
Conductivity was calculated from aquifer transmissivity and PSA thicknesses from 
Rittenhouse-Zeman & Associates. (1988). 
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Storativity values for piezometers 1743-Z1, 1746-Z1 and 1747-Z1 and for the pumping wells 
were not calculated because no correct values can be obtained in the immediate vicinity of 
the pumping wells. 
From Robinson & Noble, Inc. (1988). Only aquifer transmissivity was calculated. 
41 
TABLE V 
VERTICAL HYDRAULIC CONDUCTIVITY OF THE AQUITARD LAYERS 
B-UNIT AND MICA SAND, HANTUSH-JACOB METHOD 
Plezometer, 
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of a confined aquifer 
bounded by a stream. 
Equivalent system 
of infinite extent. 
Plan view. Piezome:fer 
r, r i 
cf{_., .~ 
Discharging Recharging 
real well image well 
Stream 
Legend 
a pumping rate, injection rate 
h0 piezometric surface without pumping 
h1 piezometric surface with pumping 
x1 distance from the real well to the boundary, 
distance from the image well to the boundary 
r, distance from the real well to the piezometer 
r1 distance from the image well to the piezometer 
Figure 6. Representation of a hydrogeologic recharge boundary with an 
























W(u)MP = 1 
1/uMP = 1 
~~ 5MP = 1.0 m 




i,-1111"' allributed to the image well 
10 10' 10' 
Time (min) 
jf 110min r1zr,x ' -85.?mx E318m 8min 
distance to the image well 







time at which the drawdown from the real pumping well is 1 m 





to the image well is 1 m 
W(u) value of the well function plot at the matchpoint 
1/u value of the well function plot at the matchpoint 
drawdown value at the matchpoint 
time value at the matchpoint 
10 • 
Fiaure 7. Image well method, determination of the distance to an image 
well. After Heath and Trainer {1968). 
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c A .L I F. ! N E V 
VICINITY MAP 
Calculated Distances from Piezometers to 
an Image Well Representing a Hypothetical 
River Recharge Boundary 
H-5 235m 
1611-Z1 1310m 
1612-Z1 318 m 
1615-Z1 710 m 
1624-Z1 1789 m 
Circles with a Radius Corresponding 
to the Calculated Distances are Drawn 
















-.-- Water Level in Hl-1 
emH*J Columbia River Stage 
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Figure 9. Water level in piezometer Hl-1 and Columbia River stage 









Cl> -~ 3.5 
Water Level in Hl-1 
Columbia River Stage 
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Time in Days (Julian Date) 
Figure 10. Effect of turning off hatchery well H-3 on piezometer Hl-1. 
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Columbia River Stage 
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A) River stage changes for a short period of time. 
Water level in the aquifer fluctuates only to a small 
extent because of the response time of the system. 
Columbia River Stage 
~1-------....._ 
Water Level In AquHer 
Time 
B) River stage changes for a prolonged period of time. 
Water level in the aquifer has time to respond and 
reflects the change in river stage. 
Figure 11. Effect of different Columbia River stage changes on water 




























July 21, 1988 
13:25 hrs 
Hatchery Well H·3 
Shut Off 
Corrected Wat.er Level in HI· 1 
fl/ater Level in HI· 1 minus filtered River Stage) 
-.-.-. UncoJTected Water Level In Hl·1 




Time in Days (Julian Dote) 
Fiaure 12. Correction of the water level in piezometer Hl-1 for the 
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Time (min) 
Figure 13. Recovery of the water level in piezometer Hl-1 after turning 
off hatchery well H-3. Water level is corrected for the influence of 








A) Aquifer is in direct connection to the river. 
No drawdown occurs across the river. 
B) Aquifer is effectively separated from the river. 
Drawdown across the river can be observed. 
ho Initial Plezometric Surface without Pumping 
h1 Piezometric Surface during Pumping 
Q Pumping Rate 
Figure 14. Scenarios for the interaction of a river and a confined aquifer. 
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Aquifer 







h0 Initial Piezometric Surface without Pumping 
h, Piezometric Surface during Pumping 
Q Pumping Rate 
s Drawdown 
b Thickness of the Aquifer 
b' Thickness of the Aquitard 
K Hydraulic Conductivity of the Aquifer 
K' Hydraulic Conductivity of the Aquitard 
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K' hydraulic conductivity of the aquitard 
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r/B leakage factor 
W(u,r/B)MP W(u,r/B) value of the plot of the well function for 
leaky aquHers at the matchpoint 
1/uMP 1/u value of the plot of the well function for 
leaky aquHers at the matchpoint 
'MP drawdown value at the matchpoint 




Figure 17. Determination of aquifer parameters with the Hantush-Jacob 
Method for leaky aquifers. After Fetter (1988). Time-drawdown data is 
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W(u) value of the well function plot at the matchpoint 
1/u value of the well function plot at the matchpoint 
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time value at the matchpoint 
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10. 
Figure 19. Determination of aquifer parameters with the Theis Method. 
After Fetter (1988). Time-drawdown data is from piezometer 1615-21 
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T transmissivity 
Q pumping rate 
S storativity 
r distance from the well to the piezometer 
ds drawdown per log cycle of time 
t,, intercept of the straight line 
with the zero-drawdown axis 
10. 10' 
Figure 20. Determination of aquifer parameters with the Jacob-Semilog 
Method. After Fetter (1988). Time-drawdown data is from piezometer 















Columbia River Stage during Pumping Test H-3 
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Columbia River Stage during Pumping Test H-4 
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Corrected Water Level 
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Filtering with the Leaky Integrator: 
E = 0.6 Multiplication Factor = 0.5 
2000 
Figure 24. Correction of water level in piezometer 17 46-Z1 for the 
Columbia River stage fluctuation. 
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Figure 26. First pumping test in well A-1, time-drawdown plot and 
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Figure 27. Second pumping test in well A-1, time-drawdown plot and 
Columbia River stage. 
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Contours in m2/s 
Contours are Generated with a 
Graphics Computer Program 
Using a Kriging Algorithm. 
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CONCEPTUAL MODEL OF THE GROUND WATER SYSTEM 
The main objectives of the first phase of the study were to develop a 
conceptual understanding of the system and to establish criteria to calibrate and test 
the performance of the computer model developed in the second phase. 
CONCEPTUALIZATION 
By combining all the available information about the geometry of the 
system, hydraulic properties of materials and boundary conditions, a conceptual 
model of the ground water system at the site can be developed. 
Extent and properties of the four main hydrogeologic units, PSA aquifer, 
mica sand, b-unit and river deposits, determine the behavior of the system. The PSA 
aquifer, as the major water-bearing unit, is separated from the upper unconfined 
aquifer, the river deposits unit, by two aquitard layers, mica sand and b-unit. Results 
of the study indicate that the PSA aquifer is also effectively separated from the 
Columbia River by these layers that presumably extend below the river and possibly 
by fine-grained sediments on the bottom of the river channel. Direct recharge from 
the river into the PSA aquifer does not occur to a large extent. Instead recharge 
occurs over a large area by vertical leakage through the confining layers. The 
deposits overlying the PSA aquifer are in direct hydraulic connection to the river and 
receive recharge from it. The preferred direction of flow in the overlying alluvial 
deposits is horizontal due to their layered nature. Thin and locally distributed 
horizontal layers of fine material can restrict vertical flow considerably whereas the 
effect of such a layer on horizontal flow would be minimal. 
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Pumping in the PSA aquifer creates a large cone of depression which 
causes a hydraulic gradient between the aquifer and the overlying deposits. This 
gradient causes water to leak downward into the aquifer. Although the vertical 
hydraulic conductivity of the confining beds is low, the large area over which flow is 
induced supplies sufficient recharge to the PSA aquifer to constantly yield high 
quantities of water to wells. Water that leaks downward is replaced by water from the 
Columbia River that flows into the system horizontally through the confining layers 
and the highly transmissive river deposits that overlie mica sand and b-unit. 
CRITERIA FOR THE COMPUTER MODEL 
Having developed a conceptual understanding of the aquifer system, 
characteristic features of the system that should be reproduced by the computer 
model can be identified. Matching these observed features by the model is a criterion 
for the calibration of the model. The accuracy that can be achieved in matching 
these features will provides measure of the performance of the model. 
The most useful set of information about the behavior of the ground water 
system is data from the pumping tests since detailed information about the system 
under stress is used for calibration. The fish hatchery pumping tests were be used 
for calibration since wells H-3 and H-4 lie directly in the proposed approach channel. 
Under the stress from pumping at a rate of 0.28 m3 /s from the PSA aquifer the 
following reactions of the system were observed: 
1. in well H-3 drawdowns of 4.9 m and 6.1 m occurred after 1 O and 20 
minutes of pumping; water level stabilized after 200 minutes with a 
total drawdown of 8 m, 
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2. piezometers in the terrace area react almost instantaneously to the 
stress from pumping (less than 1 minute for piezometers close to the 
pumping well, up to five minutes for piezometers farther away), 
3. drawdown in piezometers in the terrace area stabilizes after 200 
minutes with a total drawdown between 2.5 and 4 m, 
4. drawdown is relatively uniform over the terrace area, 
5. shallow piezometers in mica sand and b-unit respond to pumping in 
the PSA aquifer, 
6. the cone of depression extends beyond the river; a change in the 
pumping rate of the well field of 0.22 m3/s results in a response 
starting 30 minutes after the change and with a total magnitude of 
about 0.3 m in piezometer Hl-1 on the Washington shore. 
Plots of the observed pumping test data can be matched directly to 
calculated water levels at the piezometer locations. 
Another independent set of conditions for testing the model is the steady-
state head distribution in the PSA aquifer and in the upper unconfined aquifer under 
stress from simultaneous pumping in the hatchery well field and construction 
dewatering of river deposits, b-unit and upper mica sand. Detailed information about 
water levels and pumping rates is available in the instrumentation reports (L.A. Squier 
Associates, 1989). This set of conditions has the potential to characterize the 
interactions among the upper unconfined aquifer, aquitard layers and the PSA aquifer. 
CHAPTER V 
COMPUTER MODELING 
After determining the properties of the hydrogeologic units and developing 
a conceptual understanding of the ground water system, this information was 
integrated into the development of a computer model of the system. The model is a 
means of testing the validity of prior hydrogeologic analysis. If the model reproduces 
the observed features of the ground water system confidence is gained in the validity 
of the calculated parameters and the conceptual model of the system. The ground 
water modeling program HST3D (Heat and Solute Transport in 3 Dimensions) was 
chosen for the modeling. HST3D was developed by Kenneth L. Kipp, Jr. for the 
United States Geological Survey (Kipp, 1987). The FORTRAN code uses finite-
difference techniques to simulate three-dimensional ground water flow with associated 
heat and solute transport. The program was run on an Amdahl mainframe computer 
and on an Intergraph lnterserve 200 computer. 
DISCRETIZATION 
As the first step in the modeling effort, the geometry of the aquifer system, 
extent of hydrogeologic units with their respective properties, water wells, as well as 
boundary conditions and initial conditions were defined. 
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Model Geometry 
Prior analysis shows that the cone of depression from the fish hatchery 
wells is very large and that the influence from pumping in the hatchery well field 
extends beneath the Columbia River. The simulated area of the model has to be 
large enough to take that into account. An area of 1 000 m by 1 500 m including the 
downstream terrace area and extending beyond the Columbia River is covered by the 
model. The extent of the model grid and a view of the downstream terrace area with 
the overlay of the model grid are shown in Figures 30 and 31. The model represents 
a thickness of 69 m, corresponding approximately to the saturated thickness of the 
aquifer system in the downstream terrace area. The model is discretized into a grid 
of 23 by 17 by 9 deep nodes. An orthographic view of the three dimensional grid is 
shown in Figure 32. Grid spacing varies between 50 and 200 m in x- and 
y-directions. Grid spacing is finer in the downstream terrace area where greater detail 
is required. Farther away the terrace grid spacing is coarser. In the z-direction, grid 
spacing varies between 5 and 12 m, corresponding to average thicknesses of distinct 
stratigraphic units. 
Hydrogeologic Units 
Five different hydrogeologic units are included in the model. These are river 
deposits (RD), b-unit (BU), mica sand (MS), PSA aquifer (PSA), and a slide block 
embedded in the PSA aquifer in the northeastern part of the terrace. The extent of 
these units was assigned according to subsurface data from borings in the 
downstream terrace area. Extent of units under and beyond the Columbia River, 
where no subsurface data are available was extrapolated from conditions 
encountered in the downstream terrace area. A detailed depiction of the model layers 
showing the stratigraphic units assigned to different layers is presented in 
Appendix C. Hydrogeologic properties were assigned to these units based on the 
results of pumping tests, laboratory tests, and general materials descriptions. During 
the model calibration, selected properties were modified in order to match observed 
water levels. Hydrogeologic properties that were assigned initially are summarized in 
Table VI. Hydraulic conductivity of bedrock underlying the sedimentary deposits and 
Bonney Rock intrusive in the east of the downstream terrace was considered to be 
negligible compared to the conductivity of the sedimentary units. A low hydraulic 
conductivity was assigned to bedrock and Bonney Rock intrusive, thus essentially 
excluding these from the simulation. 
Water Wells 
A total of twenty-four water wells are defined in the model. These wells 
represent existing hatchery wells, existing shallow dewatering wells, future hatchery 
wells, and future deep dewatering wells. Well locations and screened intervals are set 
according to existing or planned conditions. Table VII summarizes the well locations 
and screened intervals. Figure 33 shows the location of wells in the model grid. 
Pumping rates for new wells and other wells that were not used during the calibration 
were set to zero. In the future, pumping rates can be set to desired values. 
Boundary Conditions 
The Columbia River is represented by a set of specified pressure and 
temperature boundary condition nodes. Pressure, which corresponds to hydraulic 
head, and temperature at these nodes can be set according to river stages and 
temperatures that are to be simulated. Pressure and temperature at these cells can 
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be changed during a simulation, thus making it possible to simulate long periods with 
changing river stage and temperature. The river channel extends to elevation -12 m 
depth, in the model corresponding to the top of the mica sand unit. The river channel 
does not cut into the PSA aquifer in the model. 
The proposed lock approach channel is simulated with specified 
temperature and pressure boundary condition nodes as well. The locations of 
boundary condition nodes representing Columbia River and approach channel are 
shown in Appendix C. These cells are included for future use, they were not used in 
the initial calibration process. The edges of the model are considered as no-flow 
boundaries. 
Initial Conditions 
Initially the model is set to a steady state condition with no wells operating. 
The steady state is defined by setting the initial hydraulic head to zero at elevation 
5 m above mean sea level, corresponding to the initially defined Columbia River 
stage. 
SUMMMARY OF ASSUMPTIONS 
The computer model is based on the following assumptions: 
1 . Thickness, as well as elevation of top and bottom of distinct stratigraphic 
units, is set to a uniform value throughout the model. The values chosen 
correspond to average thickness and average elevation of stratigraphic 
units. 
2. Stratigraphy under and beyond the Columbia River, where no subsurface 
data are available, is extrapolated from the stratigraphic units under the 
downstream terrace area. 
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3. The Columbia River channel does not cut into the PSA aquifer. The PSA 
aquifer and river are separated by the confining mica sand unit throughout 
the model. 
4. The underlying bedrock of the Weigle formation and Bonney Rock intrusive 
are considered to have very low hydraulic conductivity compared to the 
alluvial deposits, thus effectively excluding them from the simulation. 
GROUND WATER FLOW CALIBRATION 
After developing the geometry of the model and assigning hydrogeologic 
properties to distinct stratigraphic units, the next step was to calibrate the model for 
ground water flow. To accomplish the calibration and to verify the initial calibration, 
two independent sets of conditions were used. 
Calibration 
The first set of conditions for the calibration was a pumping test for fish 
hatchery well H-4 conducted on August 7, 1986 (Cornforth Consultants, Inc., 1987). 
Water levels observed during the pumping test are shown in Figures 34 through 40. 
Pumping rate for well H-4 was set to 0.285 m3/sec corresponding to the pumping rate 
during the pumping test. The model was run for 1000 minutes, allowing the system 
to reach a steady state under the stress from pumping in well H-4. Calculated water 
levels were observed and compared to water levels measured during the pumping 
test. Permeabilities of hydrogeologic units were varied within a range that appeared 
reasonable based on prior analysis in order to achieve the best match of observed 
and calculated water levels. Eight runs were completed and documented. Table VII 




A second set of conditions was used to verify the parameters derived from 
the initial calibration. Water levels in shallow and deep piezometers, under given 
pumping rates in hatchery wells and shallow dewatering wells on September 12, 
1989, were used for the ground water flow verification. This particular date was 
chosen because relatively complete data are available from the automatic data 
acquisition system on that day. In addition, manual water level readings were made, 
thus providing a possibility to check the automatic readings. Furthermore, the river 
stage was relatively stable during that day so that water levels in the aquifer system 
were not disturbed by river level fluctuations. Pumping occurred from the hatchery 
wells in the PSA aquifer and from shallow dewatering wells. A match for both the 
shallow and the deep water levels with the model was attempted. This made it 
possible to evaluate the interaction between deep and shallow aquifer, a critical point 
for the evaluation of the effect of the future lock approach channel on the PSA 
aquifer. The water levels observed on September 12, 1989 are presented in Figures 
41 and 42. Water levels and pumping rates were taken from the bimonthly monitoring 
reports (LR. Squier Associates, Inc., 1989). The procedure for the verification was to 
run both sets of conditions with the same hydrogeologic parameters for the different 
stratigraphic units. Then hydraulic conductivity of the PSA aquifer and the mica sand 
unit were varied and the scenarios were run again. Changes in water levels as a 
result of changed permeabilities were noted and the permeabilities that gave the best 
match of observed and calculated water levels for both scenarios were determined. It 
was found that horizontal hydraulic conductivity of the PSA aquifer and vertical 
hydraulic conductivity of the mica sand unit were the parameters that largely control 
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water levels in the aquifer system. Table IX summarizes permeabilities used in the 
different model runs. Permeabilities used in run HST195 and HST205 gave the best 
results for both tested sets of conditions. The results from these two simulations are 
presented in Figures 34 through 44. Figures 34 through 40 show the simulation of 
pumping test H-4. Figures 41 through 44 show results of the simulation of water 
levels on September 12, 1989. The hydrogeologic parameters used in these two 
simulation runs are summarized in Table IX. 
DISCUSSION 
Evaluation of the model runs for ground water flow calibration and 
verification, indicated that horizontal hydraulic conductivity of the PSA aquifer and 
vertical hydraulic conductivity of the mica sand unit were the two parameters that, to a 
large extent, control water levels in the aquifer system. Permeabilities of other 
hydrogeologic units appeared to have less influence. Values for hydrogeologic 
parameters determined from prior analysis and reported in this study and the values 
that give the best results in the model calibration and verification are very similar 
(Table VI and X). The fact that no unrealistically large changes in hydrogeologic 
properties were necessary in order to achieve a satisfactory match of observed and 
calculated water levels, increases the confidence in the model calibration. The close 
match also supports the conceptual model and the assumptions on which the model 
was based. It appears that a continuous aquitard layer separating the PSA aquifer 
and the Columbia River is a valid representation of the river-aquifer system. 
TABLE VI 
PROPERTIES OF HYOROGEOLOGIC UNITS 
USED FOR INITIAL MODEL INPUT 









River Deposits (RD) 1•10·2 1*10-3 2•10·10 
B-Unit (BU) 4.7*10-8 4.7*10-8 1*10-8 
Mica Sand (MS) 7*10-5 3*10-8 1*10-8 
PSA Aquifer (PSA) 1.6*10"3 1 •10·3 2·10·10 
Slide Block 4.9*10"5 9.7*10-8 2•10·10 
(1) Refer to Appendix C for the extent of hydrogeologic units in the model. 
(2) The actual input parameter for the model is intrinsic permeability [m2], which takes the 
temperature dependent fluid viscosity and density into account. 
Conversion from intrinsic permeability (KJ to hydraulic conductivity (K) at 10°C: 
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(1) X- and Y-coordinates on the model grid are shown in Figure 33. 
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TABLE VIII 
HORIZONTAL ANO VERTICAL HYDRAULIC CONDUCTIVITIES USED 
IN MODEL RUNS SIMULATING PUMPING TEST H-4 
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Hydrogeologlc unr11 Hydraulic Conductivily [mtsec]A 




horizontal 1•10·2 6.9•10·3 1.9•10·2 1.9*10-2 7.5•10·3 1.2•10·2 7.5*10-3 7.5*10"3 7.5*10-3 
vertical 1*10-3 9.7*10-4 4.9•10·3 4.9*10"3 1.5*10·3 3.0*10-3 1.5*10-3 1.5*10-3 1.5*10-3 
B-Unit: horizontal 4.7*10-a 7.8*10"5 7.8*10"5 4.9*10-4 7.5•10·5 7.5*10·5 7.5*10-5 7.5*10·5 7.5*10-5 
vertical 
Mica Sand: horizontal 1•10·5 3.0•10·5 3.0•10·5 9.7*10"5 3.0•10·5 3.0•10·5 3.0*10..s 3.0*10-5 3.0*10"5 
vertical 3*10-6 1.8*10-6 8.8*10"7 1.5*10-6 1.5*10-6 1.5*10-6 1.5*10-6 1.1•10-t1 1.2•10-t1 
PSA Aquifer: horizontal 1.6*10-3 1.5*10·3 1.5*10-3 9.7*10-4 1.2*10"3 1.2*10-3 9.0*10-4 8.2*10-4 9.0*10-4 
vertical 1*10-3 8.1*10-4 8.1*10-4 4.8*10'4 7.5*10-4 7.5*10-4 4.5*10-4 4.5*10-4 4.5*10-4 





Refer to Appendix C for the extent of hydrogeologic units in the model. 
The actual input parameter for the model is Intrinsic permeability [m2], which takes the 
temperature dependent fluid viscosity and density into account. 
Conversion from intrinsic permeability (KJ to hydraulic conductivity (K) at 10°C: 
Ki = K * 1.34*10·7 m•sec 
lnital estimates of porous medium permeabilities of the different hydrogeologlc units were based 
on pumping test analysis, laboratory tests and general material descriptions. 
TABLE IX 
HYDRAULIC CONDUCTIVITIES USED IN GROUND WATER FLOW 
CALIBRATION AND VERIFICATION MODEL RUNS<1> 
Hydrageofogic unaA 




Mica Sand: horizontal 
vertical 
PSA Aquifer: horizontal 
vertical 
































































(1) Runs HST191, HST192, HST193, HST194 and HST195 are simulations of the pumping test in 
well H-4. Runs HST201, HST202, HST203, HST204 and HST205 are simulations of the steady 
state head distribution on September 12, 1989. 
(2) 
(3) 
Refer to Appendix C for the extent of hydrogeologic units in the model. 
The actual input parameter for the model is intrinsic permeability [m2], which takes the 
temperature dependent fluid viscosity and density Into account. 
Conversion from intrinsic permeability (KJ to hydraulic conductivity (K) at 10°c: 
K; = K * 1.34*10-7 m•sec 
TABLE X 
PROPERTIES OF HYDROGEOLOGIC UNITS ASSIGNED AFTER 
MODEL CALIBRATION AND VERIFICATION 
Hydrogeologic Un1t<1> 
River Deposits (RD) 
B-Unit (BU) 
Mica Sand (MS) 

































(2) The actual input parameter for the model is intrinsic permeability [m2], which takes the 
temperature dependent fluid viscosity and density into account. 
Conversion from Intrinsic permeability (K;) to hydraulic conductivity (K} at 1D°C: 
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Piezometer Hl-1 was not monitored during the 
pump test in hatchery well H-4. The data 
presented here as Observed Drawdown is data 
from the recovery of the water level in piezometer 
Hl-1 after hatchery well H-3 was shut off from 
pumping at 0.22 m3/s. Pumping rate during the 
pump test in well H-4 was 0.285 m3/s. Therefore 
the actual response of Hl-1 to the pump test is 
expected to be higher. 
10 • 
Figure 40. Results of simulation of pumping test H-4: piezometer Hl-1 
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DOWNSTREAM 
TERRACE 
Measured Water Level Measured Water Level 
in the PSA Aquifer, in Deep Piezometers 
September 12, 1989, 14:00hrs. 
Contours are Elevations 
in meters. 1610 -5.2 m 
1611 -5.6 m 
1614 -8.1 m 
1615 -9.0 m 
1632 -5.5 m 
1741 -5.0 m 
1946 -7.5 m 
1949 -7.1 m 
1953 -5.2 m 
1958 -5.9 m 
Columbia River Stage: +3 m 
















Measured Water Level 
in the Shallow Aquifer 
(River Deposits/Fill), 
September 12, 1989, 14:00hrs. 
Contours are Elevations 
in meters. 
Measured Water Level 
in Shallow Piezometers 
1624 1.3 m 
1626 1.1 m 
1946 1.8 m 
1949 1.7 m 
1953 1.6 m 
1958 1.8 m 
Columbia River Stage: 3 m 
Fiaure 42. Measured water levels in the shallow unconfined aquifer on 
September 12, 1989. 
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Figure 43. Simulation of conditions on September 12, 1989: calculated 

















Calculated Water Level 
in the Shallow Aquifer 
Model Run HST195 
Contours are Elevations 
in meters. 
Figure 44. Simulation of conditions on September 12, 1989: calculated 
water levels in the shallow unconfined aquifer. 
CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
SUMMARY 
Based on the analysis of pumping tests, laboratory tests, subsurface 
exploration, and observation of water level changes as a result of changes in 
pumping rates, a conceptual model of the ground water system at Bonneville Dam 
was developed. It was found that recharge to the PSA aquifer, the main aquifer at the 
site, appears to be primarily derived from leakage through the confining layers mica 
sand and b-unit over a large area. The confining layers, in turn, receive recharge 
from the Columbia River and the overlying unconfined aquifer which is in direct 
hydraulic connection to the Columbia River. It appears that the PSA aquifer is 
separated from the Columbia River by a continuous aquitard layer or by fine-grained 
sediments sealing the river bottom. 
Based on results from prior analysis and on the conceptual model, a ground 
water model was developed. The model was calibrated to water levels observed 
during a pumping test in hatchery well H-4. The initial calibration of the model was 
then verified with a second set of conditions including pumping from deep hatchery 
wells and shallow dewatering wells. Water levels in both, the PSA aquifer and the 
shallow unconfined aquifer were matched by the model. Very little modification of the 
properties for the hydrogeologic units determined from prior analysis was necessary 
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to achieve a close agreement between calculated and observed water levels for both 
sets of conditions (fable VI and X). 
APPLICATIONS OF THE MODEL 
In the ongoing project, the model has been calibrated against observed 
ground water temperatures (LR. Squier Associates, Inc., 1990). Currently, simulations 
of annual pumping and temperature cycles are being run to evaluate the effect of the 
proposed approach channel and of the relocation of the well field on the water supply 
for the hatchery. In addition, the model has been used to simulate potential 
contaminant transport from the Hamilton Island hazardous waste site on the 
Washington shore of the Columbia River towards the fish hatchery well field (Baron, 
1989). 
As more information becomes available from new hatchery wells, it will be 
possible to refine the model in the area of the new well field. Due to the lack of data, 
hydrogeologic properties in that area have been extrapolated from the central part of 
the downstream terrace area. It might be necessary to adjust the properties of the 
materials representing the PSA aquifer and the mica sand in the model in that area. 
CONCLUSIONS 
A close agreement of observed water levels and those calculated by the 
computer model was achieved for both tested pumping scenarios. This increases the 
confidence in pumping test analysis results as well as in the conceptual model and 
the assumptions on which the computer model is based. It appears that a 
continuous aquitard layer separating Columbia River and PSA aquifer is a valid 
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representation of the river-aquifer system. Recharge to the aquifer is provided by 
vertical leakage through the confining layers over a large area. The confining layers 
mica sand and b-unit, receive recharge from the Columbia River and from the 
overlying unconfined aquifer which is in direct connection to the river. 
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MONITORING WELL AND PIEZOMETER DATA 
Piezometer, Top of PVC Monitored Zone Geologic Units Pump Tests 
Monitoring Well No. Elevation (l) Elevation (l) monitored monitored 
H.S f'NW-3) 17.9 -27.7/-38.1 PSA H-4 
1610-Z1 15.2 -9.3/-57.2 PSA, MS H-3, H-4 
1611-Z1 15.9 -49.0/-58.6 PSA H-3, H-4 
1611-Z2 15.9 0/-14.6 BU H-3, H-4 
1612-Z1 16.0 0.2/-47.5 BU, MS, PSA H-3, H-4 
1615-Z 18.4 4.0/-50.1 BU,MS,PSA H-4 
1624-Z1 18.4 -8.8/-52.9 BU, MS, PSA H-4 
1624-Z2 18.4 4.9/-3.1 BU,MS H-4 
1629-Z1 17.2 -36.2/-59.0 PSA H-4, A-1, A-2 
1629-Z2 17.2 0/-22.9 BU,MS,PSA H-4, A-1, A-2 
1632-Z1 15.5 -43.7/-58.4 PSA,TCA H-4 
1632-Z1 15.5 -3.7/-40.2 PSA, TCA H-4 
1700-Z1 24.5 -27.4/-38.2 BAI H-3 
1700-Z2 24.5 0/-25.6 MS H-3 
1728-Z1 24.2 -4.3/-23.2 BU,MS A-1 1 A·2 
1728-Z2 24.2 3.4/-2.7 BU A-1, A-2 
1730-Z1 23.0 31.8/-34.4 PSA H-3 
1730-Z2 23.0 3.7/-30.5 BU,MS,PSA H-3 
1730-Z3 23.0 21.3/4.8 F/RD, BU H-3 
1732-Z1 19.6 -7.3/-18.3 BU,MS A-1, A-2 
1732-Z2 19.7 4.9/-3.7 BU A-1, A-2 
1733-Z1 23.2 0.3/-18.3 BU,MS A-1, A-2 
1733-Z2 23.2 20.7/1.5 F/RD A-1, A-2 
1738-Z1 18.4 -14.3/-40.8 MS, PSA A-1, A-2 
1738-Z2 18.4 4.6/-11.0 F/RD, BU, MS A-1, A-2 
1741-Z1 18.5 -5.8/-38.4 MS, PSA A-1, A·2 
1741-Z2 18.5 22.6/-5.5 F/RD, BU A-1, A-2A-1, A-2 
1743-Z1 18.5 -7.9/-30.2 BU, MS, PSA A-1, A-2 
1743-Z2 18.5 16.2/-6.1 F/RD, BU A-1, A-2 
1745-Z1 18.8 -5.8/-35.4 BU, MS, PSA A-1, A-2 
1745-Z2 18.8 2.1/1.5 BU A-1, A-2 
1746-Z1 19.7 -6.1/-39.6 BU, MS, PSA A-1, A-2 
1746-Z2 19.7 16.5/-1.5 F/RD, BU, MS A·1, A-2 
1747-Z1 19.0 -7.3/-40.2 BU, MS, PSA A-1, A-2 
1747-Z2 19.0 4.3/-4.0 F/RD, BU A-1, A-2 
1749-Z1 19.7 -7.3/-38.4 BU, MS, PSA A-1, A-2 
1749-Z2 19.7 17.4/-2.7 F/RD A-1, A-2 
1755-Z1 18.3 -12.5/-30.5 MS A-1, A-2 
1755-Z2 18.2 4.3/-10.4 BU, MS A-1, A-2 
1794-Z 15.2 -34.4/-40.1 PSA H-4 
(1) Elevations are in meters above Mean Sea Level 
PUMPING WELL INFORMATION 
WW-1794 
Surface Elevation 15.9 m, 65.5 m deep, 
6 inch screen, #20-, 40-, 80-, 100-slot from depth 51.8 to 57.9 m (Elevation -35.9 to 42.0 m) 
Pump intake at depth 42.7, elevation -26.8 m 
WW-1800 
Surface Elevation 10.9 m, 67.1 m deep 
8 inch screen, #40-, 80-, 100-slot from depth 50.3 m to 57.9 m (Elevation -39.4 to -47.1 m) 
Pump intake at depth 42.7 m, elevation -31.8 m 
A-1 (WW-1816) 
Surface Elevation 20.1 m, 30.5 m deep 
14 inch telescopic Iron screen, #10 slot from 25.0 to 30.5 m depth (Elevation -4.9 to -10.4 m) 
Pump intake at depth 24.4 m, elevation -5.1 m 
A-2 (WW-1805) 
Surface Elevation 20.7 m, 61.0 m deep, 
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14 inch telescopic screen, # 100 slot from 50.0 to 52.4 m depth (Elevation -29.3 to 31.7 m), #10 slot from 
53.7 to 59.7 m depth (Elevation -32.0 to -39.1 m) 
Pump intake at depth 49.4, elevation -30.0 m 
H-3 
Surface Elevation 16.2 m, 56.4 m deep 
15 inch diameter telescopic stainless steel screen, #100 slot from 45.4 to 54.6 m depth (Elevation -29.0 to 
-38.1 m), riser pipe from 43.9 to 45.4 m depth (Elevation -27.5 to -38.8 m), tailpipe from 54.6 to 56.4 m 
depth (Elevation -38.1 m to -40.0 m), 
pump intake at depth 42.4 m, elevation -25.9 m 
H-4 
Surface Elevation 17.6 m, 57.9 m deep, 
15 Inch diameter telescopic stainless steel screen, #100 slot from 48.8 to 56.4 m depth (Elevation -31.2 to 
-38.8 m), riser pipe from 47.2 to 48.8 m depth (Elevation -29.7 to 31.2 m), tail pipe from 56.4 to 57.9 m 
depth (Elevation -38.8 to 40.4 m), 
pump intake at depth 47.3 m, elevation -29.8 m 
WW-2030 (OW-3) 
Surface Elevation 18.7 m, 81.7 m deep 
16 inch diameter screen, #50 and #30 slot sizes from depth 47.2 to 81.7 m (Elevation -28.6 m to -63.0 m) 
no permanent pump installed 
F-1 (WW-2033) 
Surface Elevation 15.8 m, 68.3 m deep 
16 inch diameter screen, #150 slot size from depth 53.0 to 54.9 m (Elevation -37.2 to -39.1 m) and from 
depth 64.9 to 65.5 m (Elevation -49.1 to -49.7 m) 
pump intake at depth 50.3 m, elevation -34.5 m 
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CALCULATIONS FOR THE RATIO METHOD 
Reference: Neuman and Witherspoon (1972) 
Initial Information 
The method presented in the above paper was applied to data from pumping 
test A-2 and piezometer 1738 which was monitored during the pumping test. 
Piezometer 1738-Z1 is screened in the PSA aquifer, piezometer 1738-Z2 is screened 
in the mica sand unit. 
Distance between well A-2 and piezometer 1738, r: r = 558 ft 
Distance from the bottom of the zone monitored by 
piezometer 1738-Z2 to the top of the PSA aquifer, z: z = 18 ft 
From prior pumping test analysis: 
PSA aquifer storativity, S: 
PSA aquifer transmissivity, T: 
PSA aquifer conductivity, K: 
s = 2.5*10-3 
T = 191 ,250 gpd/ft 
K = 1,400 gpd/ft2 
From consolidation tests of soil samples from the borings for piezometers 
1644 and 1652 (USACOE, 1984) located in the vicinity of piezometer 1738 the specific 
storage, S1 ', of the mica sand unit was determined: 
mica sand unit specific storage, $ 5 ': 
108 
Calculations 
The method relies on a family of type curves of the ratio of the drawdown in 
the aquitard to the drawdown in the aquifer, s'/s, versus a dimensionless time 
parameter, t0 • 
time, t: 
The first step is to calculate the value of s'/s for the piezometer as some 
at t = 100 min 
==> s'/s = 0.22 
Then, t0 is calculated from 
s' = 0.4 ft 
s = 1.8 ft 
t0 = 9.28*10-
5 * T * t I (r2 * S) 
= 9.28*10·5 * 191,250 * 1 oo I (5582 * 2.5*10"3) 
= 2.3 
From the type curves presented by Neuman and Witherspoon (1972) the 
dimensionless time parameter for the aquitard, t0 ', is determined: 
t0 ' = 0.6 
Then, the diffusivity of the aquitard,a', is calculated: 
a' = (z2/t) * t0 ' * 1.077*10
4 
= (182/100) * 0.6 *1.077*104 
= 20937 gpd/ft 
Finally, the conductivity of the aquitard, K', is calculated: 
K' = a'* S' 8 
= 20937 gpd/ft * 2.41*10-4 ff1 
= 5.05 gpd/ff 
K' = 2.4*10-s m/s 
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